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Abstract. The Aerosols99 cruise crossed the Atlantic Ocean from Norfolk,
Virginia, to Cape Town, South Africa, between January 14 and February 8, 1999.
The goals of the cruise were to determine the chemical, physical, and optical
properties of the marine boundary layer (MBL) aerosol, the vertical distribution of
aerosols and ozone, the column-integrated aerosol optical depth, and the ozone, CO,
and peroxy radical chemistry in the MBL. Sampling strategies were optimized to
obtain data sets to evaluate satellite-derived ocean color (Sea-viewing Wide Field-
of-view Sensor), aerosol optical depth (advanced very high resolution radiometer)
and total column ozone (Total Ozone Mapping Spectrometer). The cruise track
crossed through seven different meteorological/oceanographic regimes ranging from
background marine air masses in the Northern and Southern Hemispheres to air
masses containing mineral dust and the products of biomass burning. This overview

discusses the seven regimes encountered enroute and the chemical and physical

properties of the MBL aerosol in each regime.

1. Introduction

The large uncertainties in the tropospheric distribu-
tions of short-lived chemical species, primarily aerosols
and ozone, limit our ability to accurately calculate ra-
diative forcing of climate [Intergovernmental Panel on
Climate Change (IPCC), 1996]. These uncertainties are
a result of the large spatial and temporal variability
that results from widely dispersed sources and relatively
short (as compared to most green house gases) lifetimes.
A better understanding of the regional and temporal
variations in these distributions and the processes con-
trolling them is fundamental to improving climate mod-
els.

Satellite observations are providing increasingly bet-
ter global views of aerosol [King et al., 1999] and ozone
[Fishman and Brackett, 1997; Thompson and Hudson,
1999] distributions. However, the conversion of satellite

1Pacific Marine Environmental Laboratory, NOAA, Seattle,
Washington.

2Joint Institute for the Study of the Atmosphere and Ocean,
University of Washington, Seattle, Washington.

3Department of Atmospheric Sciences, University of Washing-
ton, Seattle, Washington.

4Institute for Tropospheric Research, Leipzig, Germany.

Copyright 2001 by the American Geophysical Union.

Paper number 2000JD900578.
0148-0227/01/2000JD900578$09.00

radiances to aerosol and ozone distributions requires a
large number of assumptions [Kiehl et al., 1999; King et
al., 1999]. Although in situ observations cannot achieve
the spatial and temporal coverage provided by satellites,
they provide detailed and accurate aerosol chemical,
physical, and optical data and ozone vertical profiles
that can play a crucial role in constraining, developing,
testing, and validating chemical transport and radia-
tive transfer models and satellite retrieval algorithms.
Clearly, a combined approach of in situ measurements,
satellite observations, and atmospheric chemistry mod-
els is required to produce the needed chemical distribu-
tions.

Research ship cruises provide a means by which to
acquire comprehensive in situ and column-integrated
data over a large geographical area. The Aerosols99
cruise was designed to quantify the short-lived chemi-
cal species (gases and aerosols) over the Atlantic Ocean.
Although most of the measurements were confined to
the marine boundary layer (MBL), radiosondes, ozone-
sondes, lidars, and sunphotometers provided informa-
tion on the vertical distribution of ozone and aerosols.
The cruise departed Norfolk, Virginia, on January 14,
1999, and arrived in Cape Town, South Africa, on
February 8, 1999 (Figure 1). Air masses encountered
enroute included the following: a continental North
American plume, a background North Atlantic air mass,
mineral dust from North Africa, biomass burning from
North Africa, and background South Atlantic air masses.
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Figure 1. (a) Six-day 3-D air mass back trajectories arriving at a height of 950 mbar above the
ship daily at 0000 UT. The seven air mass regimes sampled along the cruise track are delineated
by the horizontal lines. Note region 4 (3°N to 5°S) was a mixture of mineral dust (region 3)
and biomass burning (region 5). (b) Six-day 3-D air mass back trajectories arriving at a height
of 750 mbar above the ship daily at 0000 UT. Numbers indicate the days back from the ship
position.
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This manuscript provides an overview of the oceanic
and meteorological regimes encountered enroute as well
as a description of the chemical and physical aerosol
properties. Further details on the aerosol chemical
mass closure (S. Leinert et al., unpublished manuscript,
2000), aerosol components and their affect on the aerosol
optical properties [Quinn et al., this issue], aerosol hy-
groscopic properties (A. Massling et al., unpublished
manuscript, 2000), aerosol vertical structure and optical
depth [Voss et al., this issue (a and b)], regional aerosol
properties (P. Durkee et al., unpublished manuscript,
2000), ocean color (R. Frouin et al., unpublished manu-
script, 2000), MBL photochemistry, and peroxy radical
chemistry [Andrés Herndndez et al., this issue| can be
found in this special section. The MBL and vertical dis-
tributions of ozone along the cruise track were described
previously by Thompson et al. [2000].

2. Oceanographic and Meteorological
Overview Along the Aerosols99
Cruise Track

2.1. Oceanographic Regimes

The Aerosols99 cruise passed through several distinct
water masses that are evident in the upper water col-
umn salinity and temperature distributions (not shown)
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Figure 2. Thirty-minute averages of surface seawater
temperature, salinity, chlorophyll a, and DMS along the
Aerosols99 cruise track.
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Figure 3. Thirty-minute average true wind speed, true
wind direction, barometric pressure, rainfall rate, and
total particle number (as measured with a TSI 3010)
along the Aerosols99 cruise track.
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and the surface seawater temperature (SST) and salin-
ity data (Figure 2). The ship left the colder, nutrient-
rich (nitrate plus nitrite concentrations up to 2 uM)
coastal waters at 36°N and crossed through the warm
Gulf Stream waters between 36° and 35°N. Surface sea-
water nitrate plus nitrite concentrations dropped below
detection limit (0.05 pM), and chlorophyll “a” concen-
trations dropped to less than 0.1 ug/L in the waters
between the Gulf Stream and warmer, more saline Sar-
gasso Sea beginning at 30°N (Figure 2). Salinity con-
centrations decreased rapidly on the southern edge of
the Sargasso Sea at 20°N-15°N. Chlorophyll concen-
trations were variable between 0.05 and 0.43 pg/L in
the North Equatorial Current between 15°N and 8°N;
however, nitrate concentrations never rose above the
detection limit for the remainder of the cruise. SST
increased, and salinity values began to decrease at the
northern edge (8°N) of the Intertropical Convergence
Zone (ITCZ). Between 5°N and the equator, salin-
ity values decreased markedly to 34.8 practical salinity
units (psu). Surface wind speed and direction abruptly
changed in this region (Figure 3). There was no ev-
idence of upwelling at the equator in the subsurface
temperature and salinity distributions. The mixed layer
depth at the equator was 50-60 m deep. South of
the equator the ship crossed the South Equatorial Cur-
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rent into the anticlyclonic gyre of the South Atlantic
where salinity values increased and chlorophyll concen-
trations again decreased. On the southeastern side of
the gyre (approximately 15°S), salinity and tempera-
ture values decreased, and chlorophyll concentrations
increased (Figure 2) from the influence of the Benguela
Current.

2.2. Meteorological Regimes

This meteorological overview and the delineation of
seven distinct MBL air mass regimes along the cruise
track are based on the meteorological data, calculated
back trajectories, trace gas distributions, and aerosol
chemical and physical data. The aerosol chemical con-
stituents, in particular, are excellent tracers for defining
the recent history of the air mass. The specific prop-
erties of the aerosol data in these regions will be dis-
cussed in detail in sections 4-6. The air mass regimes
defined here are not necessarily consistent with the over-
lying free troposphere where layers of enhanced ozone
[Thompson et al., 2000] and/or aerosol [ Voss et al., this
issue (a)] concentrations may have advected to the re-
gion from different source regions.

2.2.1. Region 1: 37°N-31°N, North Ameri-
can air mass. Leaving Norfolk, the ship was initially
under the influence of a small low-pressure system that
passed north of the ship bringing high winds (20 m s~!)
and rainfall (Figure 3). The surface barometric pressure
began rising, and the wind direction shifted to the north
as the ship passed 35°N (Figure 3). The wind speed
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dropped dramatically (20 m s™! to 2 m s™!) between
35°N and 31°N as the ship came under the influence of
a small high-pressure system. Six day isentropic back
trajectories (Figure 1) showed that the MBL air mass
sampled at the ship between 35°N and 31°N had rapidly
crossed North America on the back side of a large low-
pressure system centered over Canada and then followed
the anticyclonic flow over the western Atlantic Ocean
for several days. (The top of the MBL is defined as
the top of the lowest cloud-containing layer or, in the
case of cloud-free conditions, the level where the rela-
tive humidity (RH) rapidly decreases and is based on
soundings every 12 hours.)

2.2.2. Region 2: 31°N to 15.5°N, North At-
lantic marine air mass. At 31°N the ship came un-
der the influence of the Azores High. The subsiding
air masses reaching the ship had been over the Atlantic
Ocean for more than 6 days (Figure 1la). MBL heights
ranged from 1.5 to 2.5 km (Figure 4) except during a 1.5
day period (between 29.5°N and 25°N) when an easterly
wave within the trade winds mixed the moist MBL air
to 7 km (Figure 4). Calculated 6 day back trajectories
(2500 m shown in Figure 1b and 5000 m, not shown)
showed that the upper level air had also been confined
to the North Atlantic during this time. On the basis of
lidar data the atmospheric aerosol was largely confined
to the MBL [Voss et al., this issue (a)].

2.2.3. Region 3: 15.5°N to 8°N, African
dust air mass. At 15.5°N the MBL anticyclonic flow
around the Azores High that reached the ship had
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Figure 4. Relative humidity profiles from the radiosondes launched along the Aerosols99 cruise

track.
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crossed northwest Africa (Figure 1) bringing an aerosol
with the chemical signature of mineral dust. The up-
per level flow at this point was quite weak (Figure 1b),
and the MBL decreased to 1.3 km. Enhanced (up to a
factor of 10 times higher than marine background val-
ues) aerosol optical depths in regions 3 and 4 also were
clearly apparent in the high-resolution advanced very
high resolution radiometer (AVHRR) satellite data and
Sun photometer data collected aboard the ship [Voss
et al., this issue (b), P. Durkee et al., unpublished
manuscript, 2000]. The lidar data showed two distinct
aerosol layers with a distinct extinction minimum be-
tween them [Voss et al., this issue (a)]. The MBL
aerosol accounted for approximately  of the aerosol op-
tical depth (AOD), while the upper layer aerosol, cen-
tered at an altitude of approximately 2 km, accounted
for the remaining % [Voss et al., this issue (a)].

2.2.4. Region 4: 8°N to 3°N, mixed African
dust and biomass burning in the ITCZ. At 8°N
the ship entered the ITCZ where the surface wind speed
decreased from 6 m s™! to less than 1 m s~! and the
wind direction changed from the northeast to the south-
east. There was no well-defined MBL as the lower at-
mosphere was moist and convective to 7 km (shown
to 5 km in Figure 4). Calculated back trajectories
at the surface continued to cross North Africa bring-
ing a chemical signature of mineral dust. Calculated
6-day upper level (750 mbar) trajectories (Figure 1b),
still within the moist mixed layer, crossed southwestern
North Africa bringing a chemical signature of biomass
burning to the lower MBL at the ship. Lidar-derived
aerosol extinction extended to 4 km but with less dis-
tinct aerosol layering than that observed in region 3
[Voss et al., this issue (a)].

2.2.5. Region 5: 3°N to 5°S, biomass burning
in the ITCZ. At 3°N the southeast winds began to
increase in speed (Figure 3), and MBL ozone concen-
trations began to decrease. The lower atmosphere re-
mained moist and convective to 7 km. Calculated back
trajectories at the surface were now being steered by the
subtropical high of the South Atlantic, and the mineral
dust chemical signature was no longer present in aerosol
samples collected on the ship. Calculated 6-day upper
level back trajectories (2500 and 5500 m) continued to
cross southwestern North Africa bringing aerosols to the
lower marine boundary layer with a chemical signature
of biomass burning. Significant aerosol extinction again
extended to 4 km [Voss et al., this issue (a)].

2.2.6. Region 6: 5°S to 24.5°S, South At-
lantic tropical marine air mass. At 5°S, surface
ozone and CO concentrations [Thompson et al., 2000]
had reached Southern Hemisphere background levels.
Total particle number decreased from an average of 620
+ 200 cm ™2 in the ITCZ to 230 + 83 cm™2 in region 6
(Figure 3). The MBL was again capped at 1.2 tol.5 km
(Figure 4), and MBL 6-day back trajectories remained
over the ocean. Upper layer 6-day back trajectories ei-
ther remained over the ocean or extended over South
Africa. An aerosol layer above the MBL persisted to
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12°S [Voss et al., this issue (a)], but appeared to have
little affect on the gas or aerosol chemistry of the MBL.

2.2.7. Region 7: 24.5°S to 33°S, South At-
lantic temperate marine air mass. At approxi-
mately 24.5°S the MBL and upper level 6-day back tra-
jectories became longer and extended across the South
Atlantic (Figure 1). The MBL height ranged from 1.2
to 1.5 km except in the region between 28°S and 30°S
where the moist surface layer was mixed to >11 km as
a result of a low-pressure system south of South Africa.
Surface wind speeds increased from an average trade
wind speed of 6.0 = 1.3 m s~ in region 6 to 9.1 + 1.8
m s~! in region 7 (Figure 3).

3. Methods

3.1. Inlet

Aerosol sampling and analysis methods were simi-
lar to those used in the First Aerosol Characterization
Experiment (ACE 1) [Bates et al., 1998a, b; Quinn et
al., 1998] and ACE 2 [Bates et al., 2000; Quinn et al.,
2000]. Aerosol particles were sampled 18 m above the
sea surface through a heated mast that extended 5 m
above the aerosol measurement container. The mast
was capped with a cone-shaped inlet nozzle that was
rotated into the relative wind to maintain nominally
isokinetic flow and minimize the loss of supermicron
particles. Air was drawn through the 5 cm diameter
inlet nozzle at 1 m® min~—! and down the 20 cm diam-
eter mast. The lower 1.5 m of the mast were heated
to dry the aerosol to a relative humidity (RH) of 55 +
5%. This allowed for constant instrumental size cuts
through variations in ambient RH. Fifteen 1.9 cm di-
ameter electrically conductive polyethylene or stainless-
steel tubes extend into this heated zone to direct the
airstream at flows of 30 L min~! to the various aerosol
sizing/counting instruments and impactors. Compar-
isons of the total particle count (Dp > 3 nm) during
intercomparisons with the National Center for Atmo-
spheric Research (NCAR) C-130 airplane and ACE 1
ground stations agreed to within 20%, suggesting min-
imal loss of particle number in the inlet system [Weber
et al., 1999]. A similar comparison with the NCAR
C-130 during the Indian Ocean Experiment (INDOEX)
showed agreement to within 5%. Assessing the inlet effi-
ciency for larger particles is more difficult. Comparisons
of marine boundary layer particle extinction based on
in situ measurements and total column measurements
(NASA Ames suntracking sunphotometer, Livingston
et al. [2000]) during ACE 2 agreed to within the uncer-
tainties of the measurements and calculations; however,
those uncertainties are quite high.

3.2. Aerosol Number Distributions and
Concentrations

Total particle number concentrations were measured
with Thermo Systems Inc. (TSI) 3010 and TSI 3025
particle counters (CPC) operated directly off one of the



20,772

1.9 cm sampling tubes and a TSI 3010 particle counter
connected to an independent 0.6 cm sampling line run-
ning to the top of the sampling mast. The 30-min av-
eraged data over the length of the cruise from the two
TSI 3010 counters agreed to within 3.6 = 9.5% (mean
plus or minus one standard deviation of the ratio). The
30-min average data from the T'SI 3025 particle counter
was on average 16 + 6.8% higher than the data from
the TSI 3010 counters.

One of the fifteen 1.9 cm diameter tubes was used
to supply ambient air to a differential mobility parti-
cle sizer (DMPS) located inside the humidity-controlled
box at the base of the mast. The DMPS was a Uni-
versity of Vienna (Reischle) medium column, operating
with a negative particle charge, connected to a TSI 3010
particle counter. Data were collected in 27 size bins be-
tween 22 and 900 nm diameter. The DMPS operated
with an aerosol flow rate of 0.5 L/min and a sheath air
flow rate of 5 L/min. The sheath air was humidified
to 55% RH. Another one of the 1.9 cm diameter tubes
was used to supply ambient air to an ultrafine differen-
tial mobility particle sizer (UDMPS) and DMPS located
just outside the humidity-controlled box at the base of
the mast. The UDMPS was a University of Vienna
(Reischle) short-column instrument, operating with a
negative particle charge, connected to a TSI 3025 parti-
cle counter. Data were collected in 14 size bins between
3 and 22 nm diameter. The UDMPS operated with an
aerosol flow rate of 1 L/min and a sheath airflow rate
of 10 L/min. The DMPS on this inlet was identical to
the one in the humidity-controlled box. However, the
relative humidity of the sheath air was dry resulting
in a measurement RH in the UDMPS/DMPS of ap-
proximately 10%. Mobility distributions from the three
systems were collected every 15-min.

The UDMPS/DMPS data were filtered to eliminate
periods of calibration and instrument malfunction and
periods of ship contamination (based on relative wind
and high and rapid changes in condensation nuclei (CN)
counts). The filtered mobility distributions were then
converted to number-size distributions using the inver-
sion routine of Stratman and Wiedensohler [1997]. The
data were corrected for diffusional losses [Covert et al.,
1997] and size-dependent counting efficiencies [ Wieden-
sohler et al., 1997] based on pre-ACE 1 and ACE 2
intercalibration exercises. The accuracy of both the
particle sizing and the number of particles in each size
bin depends on the stability of the flow rates. Three
of the four DMPS flows (CPC, Sheath, and Excess)
were controlled independently in these three systems.
The DMPS inlet flow was the difference of these flows,
nominally 10% of the sheath flow. The flow calibration
involved setting the CPC flow and differential mobility
analyzer (DMA) sheath flow with an electronic bub-
ble flowmeter. The excess flow was balanced with the
sheath airflow such that the DMPS inlet flow was equal
to the CPC flow. The inversion and evaluation of the
DMPS data assumed the sheath and excess flows were
equal and that the inlet flow equaled the CPC flow. The
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drift in the CPC, sheath, and excess flows was gener-
ally less than 1% during the cruise (mean 0.63 + 0.55%).
This translates into a similar error in particle sizing of
plus or minus a percent. However, a relative drift of
1% in the sheath to excess flow translates into a 10%
change in the DMPS inlet flow and thus a 10% change
in the number concentration. A change in the inlet flow
also results in a change in the transfer function of the
DMA which compounds this error; for example, for this
case the combined error is of the order of 15%. During
Aerosols99 the integrated number concentration from
the DMPS operated at 55% RH averaged 18 + 10%
lower than the total number measured by the TSI 3010.
The integrated number concentration from the DMPS
system operated at 10% RH averaged 21 + 6% lower
than the total number measured by the TSI 3010. To
correct for the number concentration error, the DMPS
data reported have been normalized using the 30-min
average ratio of the total number concentration to the
integrated DMPS number concentration. An interac-
tive routine was then used to fit lognormal curves to
the different modes of the DMPS number size distribu-
tions.

Another one of the 1.9 cm tubes was connected to an
Aerodynamic Particle Sizer (APS, TSI 3320) located in
the humidity-controlled box at the base of the mast.
The APS measured the number size distribution be-
tween 0.6 and 9.6 um aerodynamic diameter. Data
at diameters larger than 5 pum were discarded due to
potential interferences from phantom counts and un-
certainties in large particle collection efficiencies. Al-
though the intent was to measure this distribution at
55% RH, the heat from the instrument effectively dried
the sea-salt aerosol to below its efflorescence point.

3.3. Aerosol Chemistry

Detailed descriptions of the aerosol chemical mea-
surements, data reduction, and uncertainties are pre-
sented by Quinn et al. [this issue]. A brief description
of the measurements is presented below.

Two-stage multijet cascade impactors [Berner et al.,
1979] sampling air at 55% RH were used to determine
the submicron and supermicron concentrations of Cl~,
NOjz, SO7, methanesulfonate (MSA~), Na*, NHJ,
K*, Mg*?, and Cat2. The RH of the sampled airstream
was measured a few inches upstream from the impactor.
The 50% aerodynamic cutoff diameters Dsg,aer0 Were
1.1 and 10 gm. Throughout the paper, submicron refers
to particles with Daero < 1.1 pm at 55% RH, and super-
micron refers to particles with 1.1 um < Daero < 10 um
at 55% RH.

Non-sea-salt sulfate concentrations were calculated
from Na' concentrations and the ratio of sulfate to
sodium in seawater. Sea-salt aerosol concentrations
were calculated as

sea salt (ug m~3) = Cl~(ug m—3)

+ Na® (ug m™3) x 1.47, (1)
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where 1.47 is the seawater ratio of (Na* + K+ + Mg™
+ Cat? 4+ SO + HCOj)/Nat. This approach pre-
vents the inclusion of non-sea-salt K+, Mg*2, Ca't?,
SO7, and HCOj3 in the sea-salt mass and allows for
the loss of C1~ mass through Cl~ depletion processes.
It also assumes that all measured Na™ and Cl~ is de-
rived from seawater.

Three-stage multijet cascade impactors [Berner et
al., 1979] sampling air at 55% RH were used to de-
termine submicron and supermicron concentrations of
total carbon (TC), organic carbon (OC), and elemen-
tal carbon (EC). The impactor had Dsp,aero 0f 0.18,
1.1, and 10 gm. Only in this case does submicron re-
fer to 0.18 < Daero < 1.1 um. The 0.18 pm jet plate
was used instead of a quartz backup filter to minimize
positive artifacts due to the absorption of gas phase or-
ganics. The samples were analyzed by a thermographic
method using a commercial instrument (C-mat 5500,
Strohlein) [Neustss et al., 2000]. As with all thermal
carbon measurements, the OC/EC split is a method-
dependent property. No attempt was made to correct
for positive or negative sampling artifacts since the in-
formation to do so was not available.

The mass of particulate organic matter (POM) was
determined by multiplying the measured OC concentra-
tion in ug C m~3 by a POM factor which is an estimated
average of the molecular weight per carbon weight for
the organic aerosol [Turpin et al., 1994, 2000]. On the
basis of a review of published measurements a value of
1.6 was used for the North American air masses, and a
value of 2.1 was used for all other air mass regions.

Total elemental composition (Na, Mg, Al, Si, P,
Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ba, As,
and Pb) was determined by thin-film X-ray primary-
and secondary-emission spectrometry [Feely et al., 1991,
1998]. Submicron samples were collected on Nuclepore
filters (0.4 pm pore size) mounted in a Berner impactor
downstream of the Dsg aero 1.1 pm jet plate. Bulk sam-
ples were collected on Nuclepore filters (0.4 pm pore
size) in a filter pack having an upper Dsg aero Of 10 pm.
Supermicron elemental concentrations were determined
by difference between the submicron and bulk samples.
This method of sample collection allows for the sharp
size cut of the impactor while collecting a thin film of
aerosol necessary for the X-ray analysis.

For the regions of African dust and the dust/biomass
burning mixture, dust concentrations were calculated
from the Al mass concentration and an assumed Saha-
ran dust to Al mass ratio of 12.5. This is based on
the relatively constant 8% mass fraction of Al found
in continental soils including Saharan dust (D. Savoie,
personal communication, 2000). Outside of these re-
gions the concentrations of all elements measured by
XRF were summed to create a “trace element” compo-
nent mass concentration. Since the molecular form of
the elements was not determined, the summed concen-
trations do not include any associated mass (e.g., the
oxygen associated with aluminum oxide).
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3.4. Additional Measurements

Additional measurements made aboard the ship, that
are used in the analysis below, include atmospheric and
seawater dimethylsulfide (DMS) [Bates et al., 1998b,
2000], atmospheric temperature, pressure, and humid-
ity, surface seawater temperature, salinity, chlorophyll
and nitrate concentrations, wind speed and direction,
rainfall rates, solar radiation, and vertical profiles of
temperature, dew point temperature, and wind speed
and direction from radiosondes. Three-dimensional (3-
D) air mass back trajectories were calculated four times
daily at three altitudes using the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HY-SPLIT 4) model
[Drazler, 1992] which is based on the National Centers
for Environmental Prediction (NCEP) wind fields. All
references to time are reported here in UTC. Dates are
given as day of year (DOY) where noon on February 1
is equal to DOY 32.5.

4. MBL Aerosols Derived From Marine
Sources

4.1. Sea-Salt Particles

The ocean is a direct source of aerosols to the atmo-
sphere as a result of turbulence at the ocean-atmosphere
interface. These directly emitted aerosols are primarily
sea salt and were the dominant component of the aerosol
mass in all regions except in the African dust air mass
(Figure 5). The consistency of the soluble Mg?*/Na™*
molar ratio along the cruise track (0.11 £ 0.007), and
the agreement of this value with that found in sea salt
(0.12), suggest that continental sources of soluble Mg?*
and NaT were insignificant. Average regional submi-
cron and supermicron sea-salt concentrations ranged
from 0.08 to 0.39 ug m~ and 4.6 to 19 ug m~3, re-
spectively (Figure 5 [see also Quinn et al., this issue]).
The MBL concentrations are a function of wind speed
and fetch (source), MBL height (vertical mixing), and
wet and dry deposition (sink). The lowest concentra-
tions were measured in the biomass burning air mass
(3°N to 5°S) due to the initially low wind speeds (Fig-
ure 3), convective mixing (Figure 4), and heavy rainfall
(Figure 3). The highest concentrations were measured
in the African dust air mass (15.5°N to 8°N) due to the
low and stable MBL.

Although the relative abundance of the sea-salt ions
initially emitted into the atmosphere is the same as
that found dissolved in surface seawater, reactions with
acidic gases and condensed phase compounds in the at-
mosphere can lead to depletion of the halide concentra-
tions [Chameides and Stelson, 1992; Posfai et al., 1995;
Keene and Savoie, 1998]. Submicron and supermicron
sea-salt particles were depleted in chlorine in the North
American air mass (Figure 6). This is also the region
of highest sulfate and nitrate concentrations (Figure 5)
which could account for the displacement of the chlorine
[Sander and Crutzen, 1996]. The supermicron sea-salt
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Figure 5. Submicron (Daero < 1.1 pum at 55% RH) and supermicron (1.1 pm < Daero < 10 pm
at 55% RH) aerosol chemistry in ug m=3 for the seven air mass regimes sampled along the cruise
track. The error bars represent one standard deviation of the mean concentration. Absolute
uncertainties are given by Quinn et al. [this issue|. Note that the y axis varies between regions.



BATES ET AL.: MBL AEROSOL PROPERTIES OVER THE ATLANTIC

20,775

2
o] ]
® ] J
_(_L‘-i - -
5 ] .
€ 14 Y -
o 1
) J J
(72}
g - .
%‘r 0 LI I LB 1 l T T T T I T LELELI I L] L] T I T T 1] T I LI T | T L]
30 20 10 0 -10 -20 -30
1 5 -
o : sea salt ratio ]
® A —=— sub-micron -
o J\‘JLL ---A-— super-micron 4
ud
o] - .
S i J
‘© | V i
£ i
8 4] g ultie M R
0 - LI LI L B B LB B L | T 1 11 | |‘|_I'_I—r'l_l_
30 20 10 0 -10 -20 -30
2 7] sea salt ratio
T —=—sub-micron ]
o ] ----w--- super-micron
5 i
— T 3 'wv’
% 1 - “W Vlvv'V'"‘. »v""v"'v"' vav -
€ . v b
s ] A= NA 'M's/ _
o A .
0 LI | T 1 1 1 I 1 T 1 T I 1 LELEL I LI ] LI | LI 1 1 I LI ] T T l LI
30 20 10 0 -10 -20 -30
N Latitude S
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particles in NH marine and dust air masses appeared
to be unreacted although submicron particles were de-
pleted in chlorine. Submicron particles continued to
be depleted in chlorine in all air masses farther south.
Supermicron particles were nearly unreacted in much
of the SH temperate air mass. Without single particle
analysis it is not possible to assess the reactions occur-
ring on the sea-salt particles. The depletion of chlorine,
however, implies that in most regions the supermicron
and, especially, the submicron particles were internally
mixed.

4.2. Biogenic Particles

Turbulence at the air-sea interface can also emit par-
ticles of biogenic origin into the atmosphere [Matthias-
Maser et al., 1999]. Average regional submicron and
supermicron particulate organic matter concentrations
ranged from 0.08 to 0.18 ug m~2 and 0.23 to 0.38 ug

m~3, respectively, in the NH and SH marine air masses.

In the SH, calcium concentrations were enriched in com-
parison to seawater (Figure 6), which may also be from
a biogenic source. Similar calcium enhancements have
been previously reported [Cattell et al., 1977; Sievering
et al., 1999]. Without details on the molecular compo-
sition of these particles or visual identification via elec-
tron microscopy, it is not possible to confirm the source
of this material. Alternatively, this material may have
come from continental sources via long-range transport
in the MBL (>6 days) or subsidence from the free tro-
posphere.

4.3. Non-Sea-Salt (nss) Sulfur and
Ammonium-Containing Particles

Dimethylsulfide (DMS) is produced in surface seawa-
ter from the enzymatic cleavage of dimethlysulfonium
propionate [Bates et al., 1994]. Surface seawater DMS
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concentrations along the Aerosols99 cruise track ranged
from 0.4 to 11 nM (Figure 2) reflecting the seasonality
of DMS production [Bates et al., 1987]. The highest
concentrations were found south of 15°S (mean 4.1 +
1.6 nM) in the more biologically productive waters of
the Benguela Current. Similar seawater DMS concen-
trations were measured by Andreae et al. [1994] dur-
ing February—March 1991 in the South Atlantic Central
Gyre (1 nM) and Benguela Current (4 nM).

The production of DMS in surface seawater leads to
a net flux to the atmosphere. The calculated DMS flux
along the Aerosols99 cruise track, using the Liss and
Merlivat [1986] wind speed/transfer velocity relation-
ship, ranged from 0 to 32 pumoles m~2 d~! (Figure 7).
This flux maintained an atmospheric DMS concentra-
tion ranging from 2 to 310 ppt (0.1 to 13 nmoles m—3,
Figure 7). The range of concentrations and mean con-
centration south of 15°S (120 + 56 ppt) was again con-
sistent with previous measurements in this region dur-
ing this season (50-300 ppt [Andreae et al., 1994]; 132
+ 45 ppt [Andreae et al., 1995]). A diel cycle in the
atmospheric DMS concentrations was clearly evident in
the background marine regions during periods when the
marine boundary layer was stable (20° to 16°N, 18° to

28°S). Concentrations in the early morning were ap-
proximately a factor of 2 higher than those in the late
afternoon as a result of the photochemical oxidation of
DMS by OH.

Although the series of reactions and the conversion ef-
ficiencies are still a topic of debate [Davis et al., 1999],
some fraction of the atmospheric DMS is converted to
nss sulfate and methane sulfonate (MSA) aerosol. Dur-
ing the Aerosols99 cruise the only evidence of newly
formed particles in the MBL (a particle mode with a
mean diameter less than 20 nm) occurred during the
three periods of convective mixing (Figure 4) suggest-
ing that MBL DMS did not play a major role in new
particle production. DMS derived sulfur, however, can
contribute to the growth of existing particles, and nss
sulfate and MSA concentrations did indeed increase in
the regions of enhanced DMS concentrations (Figure
7). The ratio of MSA to nss sulfate also increased at
the higher southern latitudes (Figure 7) consistent with
previous measurements [Bates et al., 1992; Ayers et al.,
1996]. In the background Southern Hemisphere, 43 +
7.3% and 92 + 10% of the MSA and nss sulfate were
present in the submicron fraction, respectively.

Ammonia is part of the biological nitrogen cycle in
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the surface ocean and has a net flux to the atmosphere
over the remote ocean [Quinn et al., 1990; Zhuang
and Huebert, 1996; Gibb et al., 1999]. In the atmo-
sphere, NH3 quickly reacts with acidic aerosols. Dur-
ing Aerosols99, measurable ammonium (concentrations
>0.001 pg m~3) was present only in the submicron
aerosol. The ammonium sulfate aerosol was always
acidic with molar NH} /nssSO7 ratios ranging from 0.2
to 1.6 (Figure 6). The ratios dropped dramatically in
the region south of 12°S where the DMS concentrations
began increasing.

5. MBL Aerosols Derived From
Continental Sources

Aerosols from continental sources dominated the mass
distributions in four of the seven air mass regimes along
the Aerosols99 Atlantic transect (Figure 5) with con-
centrations of nss sulfate, nitrate, and mineral dust en-
hanced over background marine values. There was also

evidence of continental trace elements (Al, Si, shown
as dust in Figure 5) in the background marine regimes,
especially in the Northern Hemisphere, which may have
reached the MBL through subsidence from the free tro-
posphere. Although MBL aerosols were responsible for
most of the column aerosol optical depth (35 to 95%,
[Quinn et al., this issue]), layers of aerosol were often ap-
parent in the free troposphere [ Voss et al., this issue (a)],
providing a potential aerosol source to the MBL. Some
fraction of the (NH4),H,SO4 and particulate organic
matter also may have reached the background marine
regions from the continents via long-range transport in
the free troposphere [ Van Dingenen et al., 1995].

5.1. North American Continental Aerosols

Submicron nssSO7 and POM and supermicron NO3
concentrations were highest in the North American air
mass regime (Figure 5) although the limited number of
samples (four inorganic ion samples, one organic and
elemental sample) in this regime limits our ability to
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draw any regional conclusions. This air mass also spent
several days over the ocean and appeared to have been
through many cloud cycles (see section 6).

5.2. North African Mineral Dust Aerosols

The mineral dust regime was clearly evident on board
ship in the AVHRR satellite images (P. Durkee et al.,
unpublished manuscript, 2000) and visually as a red/
brown deposit on the filters. The mineral dust sam-
pled at the ship occurred in four “pulses” (Figure 8).
The higher time-resolution physical parameters (aerosol
scattering and coarse mode number size distribution)
showed similar pulses although the magnitude of the
pulses varied due to the varying sea-salt concentrations
(Figure 8). The consistency of the Si/Al (3.0 £ 0.12)
and Fe/Al (0.72 + 0.064) mass ratios in the dust re-
gions along the cruise track (15.5°N to 3°N, regimes 3
and 4) suggests a common regional source of the dust.
The high Fe/Al ratio is characteristic of the ferralitic
soils in the Sahelian region [Sokolik and Toon, 1999]
that are largely mica, illite, kaolinite, and quartz [Pros-
pero et al., 1981]. The Si/Al and Fe/Al ratios measured
during Aerosols99 are within the range of values given
by Bergametti et al. [1989] for Sahelian dust source re-
gions and are distinctly higher than that found in the
northern Saharan (Moroccan) region [Bergametti et al.,
1989]. The calculated back trajectories cross both re-
gions (Figure 1). The four pulses of dust observed at
the ship occurred on a diel cycle with the high concen-
trations occurring at night and the low concentrations
occurring at midday (Figure 8). No similar trend was
observed in other gas or aerosol species which suggests
the diel cycle was not due to changes in the mixed layer
height (Figure 4) or mixing from the free troposphere.
An alternate explanation could be a pulsing source term
3 to 5 days upwind of the ship (Figure 1).

Sulfate also was enriched in the mineral dust regime
(Figure 8) compared to the North Atlantic marine air
mass as previously reported by Savoie et al. [1989] and
Li-Jones and Prospero [1998]. However, unlike the re-
sults of Li-Jones and Prospero [1998] which showed
that most of the sulfate was present in the supermicron
mode, during Aerosols99 95% of the sulfate was present
in the submicron mode. This distribution suggests that
the sulfate aerosol was formed prior to mixing with the
dust. The presence of the sulfate in the submicron mode
implies that the sulfate aerosol will have a longer life-
time with respect to dry deposition and a greater ra-
diative impact. The ratio of nitrate to sulfate measured
in the mineral dust regime during Aerosols99 (1.4) was
the same as that measured by Savoie et al. [1989] at
Barbados in December—February (1.4). On the basis of
this ratio and the seasonal meteorology, Savoie et al.
[1989] suggested sulfate and nitrate associated with the
dust in the NH winter might originate from wood and
biomass burning to the south of the Sahara. The low
values of nss soluble potassium and elemental carbon
measured in the mineral dust regime during Aerosols99,
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however, suggest an alternate source. Assuming trop-
ical MSA /nssSOT ratio of 7% [Saltzman et al., 1986],
approximately 35% of this sulfur could have been de-
rived from DMS. The remainder may have come farther
upwind in the outflow from Europe. This would be con-
sistent with the dominant submicron distribution.

5.3. North African Biomass Burning Aerosols

The southern edge of North Africa (Senegal to
Ethiopia) is one of the largest fire belts observed in
the world [Gregoire et al., 1999]. The fire season in
this region occurs during the NH winter [Gregoire et
al., 1999] and was active during Aerosols99 as observed
by AVHRR and Total Ozone Mapping Spectrometer
(TOMS) satellite imagery. The aerosols measured at
the ship, beginning at the northern edge of the ITCZ
(approximately 8°N), showed characteristic signals of
biomass burning [Andreae, 1983]: elevated elemental
carbon and nss K+ concentrations (Figure 8). On the
basis of the calculated back trajectories (Figure 1b) it
appears that the aerosol products of biomass burning
were carried to the ship at higher levels in the atmo-
sphere (e.g., 750 mbar) and mixed down to the lower
marine boundary layer in the convective ITCZ (Fig-
ure 4). The initial (8°N to 3°N) biomass burning aerosol
was mixed with mineral dust. From 3°N to 5°S the min-
eral dust signal was minimal. Nitrate and POM con-
centrations were elevated throughout the dust/biomass
burning region with neither region appearing to be a
stronger source. Non-sea-salt sulfate and ammonia con-
centrations in the biomass burning region correlated
well with the nss K* concentrations (r> = 0.78, n = 26)
(Figure 8). KCl and NH4CI particles have been shown
to dominate the ionic fine particles emitted from flam-
ing fires but are converted to the sulfate salts a short
distance from the fires [Liu et al., 2000].

6. Comparisons of Physical Aerosol
Properties Along the Aerosols99
Cruise Track

The aerosol physical properties varied widely between
the seven air mass regimes (Figure 9 and Table 1). The
aerosol number concentration was highest in the North
American continental aerosol with a clear minimum be-
tween the Aitken and accumulation modes indicative of

cloud processing [Hoppel et al., 1986]. Van Dingenen

et al. [1995] showed aerosols advecting off the continent
attained the distinct two modes typical of MBL aerosol
at a distance of about 1000 km and that an initially pol-
luted continental aerosol transported in the MBL could
still account for more than 50% of the aerosol volume
after 5-6 days of transport time [Van Dingenen et al.,
2000]. On the basis of the 6-day trajectory analysis
(Figure 1) the aerosols in this first Aerosols99 air mass
regime had been over the ocean for 3-5 days. Compar-
ing the sulfate concentrations in the background regime
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2 with the sulfate concentrations in regime 1 suggests
that the aerosol in regime 1 was still 90% continental.
The submicron aerosol measured in the North At-
lantic air mass was also bimodal but with relatively
small modal diameters and total numbers (Table 1).
The mean modal diameters and number concentrations
more closely resembled the Southern Ocean marine
aerosol measured in ACE 1 than the background At-
lantic aerosol measured in ACE 2 [Bates et al., 2000].
The small diameters and numbers suggest recent subsi-
dence input from the free troposphere to feed the Aitken
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mode [Raes, 1995], low MBL sulfur gas concentrations
(low winter season DMS flux, both shown in Figure 7)
and hence little material for condensational growth, and
either a minimum of cloud processing or a short MBL
residence time [Bates et al., 2000]. Rain in this region
(Figure 3) would suggest the latter.

The aerosol number distribution in the dust regime
was dominated by the Aitken mode (Figure 9). The
AVHRR satellite data show patchy cumulous clouds
in the 2-3 day air mass transit from the coast to the
ship that would have processed the aerosol to some de-
gree. Comparisons of the DMPS measurements at ap-
proximately 10% and 55% RH suggest that both the
Aitken and accumulation modes were composed of sol-
uble components even though a large fraction of the
submicron mass was composed of mineral dust (Fig-
ure 5). Further details of the hygroscopic properties of
these aerosols are presented by A. Massling et al. (un-
published manuscript, 2000). A major feature in the
size distributions in this region was the large mode in
the number and volume distributions centered at 1 and
2.8 um aerodynamic diameter, respectively (Figure 10).
Most likely there are at least 2 unresolved modes within
this peak from sea salt [O’Dowd and Smith, 1993] and
mineral dust. The combination of dust and sea salt in
this regime appears to shift the omni-present sea-salt
mode to a lower size (Figure 10, comparison of super-
micron mode in different regimes).

The submicron aerosol in the biomass burning regime
was dominated by the accumulation mode (Figure 9)
which is typical of a well-aged continental aerosol with
high source region concentrations and dry transport
conditions [Bates et al., 2000]. It is interesting to
note that in this convective ITCZ there was no sign
of a nucleation or small-diameter Aitken mode being
mixed down into the MBL from regions of cloud out-
flow [Clarke et al., 1998] as has been routinely observed
in the Pacific [Clarke et al., 1998; Covert et al., 1996].

The number size distributions in the two Southern
Hemisphere marine air masses both had distinct Aitken
and accumulation modes. The modes were larger in di-
ameter and number than that measured in the North-
ern Hemisphere marine air mass presumably as a result

Table la. Aitken and Accumulation Mode Fit Parameters for the Dry (<10% RH)

Number Size Distribution®

Aitken Mode

Accumulation Mode

Air mass N, Dgn, g N, Dgn, Og

Regime . cm ™3 nm nm
North America 490 +£150 37+3.2 1.37+£0.051 7804230 160+21 1.4440.046
NH marine 1604+42 30+3.7 1.404+0.026 584+23 120+22 1.59+0.12
Dust 220455 39+2.2 1.41+0.057 180+35 1254+9 1.52+0.062
Mixed 230+59 43+4.9 148+0.065 420+120 140+10 1.65+0.10
Biomass burning 7773 47+16 1.40+0.12 4804+190 150+12 1.63+0.074
SH marine tropics 99+37 44+£7.2 1.40£0.067 100+45 160419 1.54+0.089
SH marine temperate 2404170 41+5.0 1.40=£0.059 140+31 160+15 1.37+0.059

2Mean values plus or minus one standard deviation are given for each air mass regime.
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Table 1b. Aitken and Accumulation Mode Fit Parameters for the Number Size Distri-

bution at 55% RH?*

Aitken Mode

Accumulation Mode

Air mass N, Dgn, og N, Dy, og

Regime cm ™3 nm nm
North America 5004140 40452 1.5040.077 580+£300 20023 1.45+0.088
NH marine 180+57 33+6.2 1.50+£0.11 48+18 150423 1.514+0.12
Dust 240+55 46+4.5 1.4240.067 130+20 150+£5 1.35+0.048
Mixed 250+ 59 56+8.8 1.5040.021 410+97 160417 1.6440.082
Biomass burning 170+73 73+16 1.65+0.16 390+150 190418 1.5440.061
SH marine tropics 100+£29 56410 1.50£0.092 974+41 2204+29 1.48+£0.084
SH marine temperate 210+86 51+4.2 1.46+0.070 150+29 210+£18 1.33+0.046

aMean values plus or minus one standard deviation are given for each air mass regime.

of longer MBL residence times (Figure 1), minimal pre-
cipitation (Figure 3), and large source of biogenic sulfur
(Figure 7) available for condensational growth.

7. Conclusions

Meteorological data, calculated back trajectories,
trace gas distributions, and aerosol chemical and phys-
ical data were used to define seven distinct MBL air
mass regimes along the Aerosols99 cruise track across
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Figure 10. Regional average dry aerodynamic number
and volume size distributions (APS data) in the seven
air mass regimes along the Aerosols99 cruise track.

the Atlantic Ocean. The seven MBL regimes defined in
this paper included a North American air mass that had
been over the ocean for several days, a winter season NH
marine air mass, an air mass passing over Africa con-
taining mineral dust, an air mass passing over Africa
containing the products of biomass burning, a mixed
mineral dust/biomass burning air mass, a SH tropical
marine air mass, and a SH summer season marine tem-
perate air mass. Each air mass exhibited distinct phys-
ical and/or chemical aerosol properties as a result of
aerosol source, transformation, and sink processes. The
aerosol properties and trace gas concentrations within
each regime, described in this paper and other papers
in this special section, provide a data set to test chemi-
cal transport models and satellite retrieval algorithms.
Further information about the cruise and available data
sets can be found at http://saga.pmel.noaa.gov.
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